Commensurate with the diverse processes controlled by leptin, specialized types of LepRb neurons are located in multiple brain regions that are involved in the regulation of systemic energy balance, including the brainstem, midbrain and hypothalamus [10] [11] [12] [13] . Knockdown or deletion of LepRb in the hindbrain interferes with satiation, although these alterations have only a slight affect on body adiposity 8, 9 . Within the midbrain ventral tegmental area and substantia nigra, a subset of dopamine neurons contain LepRb; leptin action through these neurons contributes minimally to body weight control but does have a role in dopamine-mediated behaviors, including those that are linked to anxiety [14] [15] [16] [17] . Midbrain serotonin neurons, although initially reported to have a key role in leptin action, neither express LepRb nor contribute to leptin action 18, 19 . In contrast, genetic ablation of hypothalamic LepRb produces a profound metabolic phenotype, showing the key role of hypothalamic LepRb signaling in leptin action 20 . Within the hypothalamus, the specific set(s) of LepRb neurons that are responsible for the control of energy balance by leptin are not completely defined. Direct leptin action through the proopiomelanocortin (Pomc)-expressing neurons (Pomc neurons) of the hypothalamic arcuate nucleus (ARC) and through the ARC agouti-related peptide (Agrp)-expressing neurons (Agrp neurons) and steroidogenic factor-1 (Sf-1)-expressing neurons of the ventromedial hypothalamic nucleus contributes only modestly to the overall energy balance [5] [6] [7] . LepRb neurons in the lateral hypothalamic area, including those that contain neurotensin, mediate the action of leptin on orexin neurons and the mesolimbic dopamine system, but genetic deletion of LepRb from these neurons only modestly increases adiposity [21] [22] [23] . Thus, the identity of the hypothalamic LepRb neurons that are responsible for the majority of leptin-mediated regulation of energy balance is unclear.
Few effective measures exist to combat the worldwide obesity epidemic 1 , and the identification of potential therapeutic targets requires a deeper understanding of the mechanisms that control energy balance. Leptin, an adipocyte-derived hormone that signals the long-term status of bodily energy stores, acts through multiple types of leptin receptor long isoform (LepRb)-expressing neurons (called here LepRb neurons) in the brain to control feeding, energy expenditure and endocrine function [2] [3] [4] . The modest contributions to energy balance that are attributable to leptin action in many LepRb populations [5] [6] [7] [8] [9] suggest that other previously unidentified hypothalamic LepRb neurons have key roles in energy balance. Here we examine the role of LepRb in neuronal nitric oxide synthase (NOS1)-expressing LebRb (LepRb NOS1 ) neurons that comprise approximately 20% of the total hypothalamic LepRb neurons. Nos1 cre -mediated genetic ablation of LepRb (Lepr Nos1KO ) in mice produces hyperphagic obesity, decreased energy expenditure and hyperglycemia approaching that seen in whole-body LepRbnull mice. In contrast, the endocrine functions in Lepr Nos1KO mice are only modestly affected by the genetic ablation of LepRb in these neurons. Thus, hypothalamic LepRb NOS1 neurons are a key site of action of the leptin-mediated control of systemic energy balance.
Commensurate with the diverse processes controlled by leptin, specialized types of LepRb neurons are located in multiple brain regions that are involved in the regulation of systemic energy balance, including the brainstem, midbrain and hypothalamus [10] [11] [12] [13] . Knockdown or deletion of LepRb in the hindbrain interferes with satiation, although these alterations have only a slight affect on body adiposity 8, 9 . Within the midbrain ventral tegmental area and substantia nigra, a subset of dopamine neurons contain LepRb; leptin action through these neurons contributes minimally to body weight control but does have a role in dopamine-mediated behaviors, including those that are linked to anxiety [14] [15] [16] [17] . Midbrain serotonin neurons, although initially reported to have a key role in leptin action, neither express LepRb nor contribute to leptin action 18, 19 . In contrast, genetic ablation of hypothalamic LepRb produces a profound metabolic phenotype, showing the key role of hypothalamic LepRb signaling in leptin action 20 .
Within the hypothalamus, the specific set(s) of LepRb neurons that are responsible for the control of energy balance by leptin are not completely defined. Direct leptin action through the proopiomelanocortin (Pomc)-expressing neurons (Pomc neurons) of the hypothalamic arcuate nucleus (ARC) and through the ARC agouti-related peptide (Agrp)-expressing neurons (Agrp neurons) and steroidogenic factor-1 (Sf-1)-expressing neurons of the ventromedial hypothalamic nucleus contributes only modestly to the overall energy balance [5] [6] [7] . LepRb neurons in the lateral hypothalamic area, including those that contain neurotensin, mediate the action of leptin on orexin neurons and the mesolimbic dopamine system, but genetic deletion of LepRb from these neurons only modestly increases adiposity [21] [22] [23] . Thus, the identity of the hypothalamic LepRb neurons that are responsible for the majority of leptin-mediated regulation of energy balance is unclear.
LepRb NOS1 neurons comprise a relatively small population of LepRb neurons and are primarily restricted to the hypothalamus, where they are distributed in areas in which they are poised to affect output from the paraventricular hypothalamic nucleus (signaling by this nucleus mediates much of the hypothalamic control of energy balance) [24] [25] [26] . To study LepRb NOS1 neurons, we inserted an internal ribosome entry site (IRES) plus the coding sequences for Cre recombinase into the 3′ untranslated region of Nos1 in mice to promote Nos1-restricted Cre expression (resulting in Nos1 cre mice) (Fig. 1a) . We bred Nos1 cre mice to mice from the Cre-dependent ROSA26-enhanced GFP (eGFP) reporter line, generating Nos1 eGFP mice. The immunoreactivity of eGFP overlapped with the immunoreactivity of Nos1 in the soma of the Nos1 eGFP mice in all regions examined (data not shown).
We next examined the leptin-stimulated induction of phosphorylated signal transducer and activator-3 (pStat3), which reveals neurons containing functional LepRb (ref. 27) , and its colocalization with eGFP immunoreactivity in Nos1 eGFP mice. We also evaluated the colocalization of Nos1 immunoreactivity with eGFP immunoreactivity in Lepr eGFP mice 12 that express eGFP in their LepRb neurons ( Supplementary Figs. 1 and 2) . As has been previously suggested by the colocalization of NADPH diaphorase with leptin-stimulated pStat3 immunoreactivity 24 , our analysis revealed that although Nos1 and LepRb are each expressed in many brain areas alone, they are coexpressed predominantly in the hypothalamus: approximately 20% of hypothalamic LepRb neurons contain Nos1 expression. Most LepRb NOS1 neurons are located in the ventral premammillary nucleus (PMv), however, the dorsomedial hypothalamic nucleus (DMH) and ARC also contain a substantial number of these neurons; other areas contain few LepRb NOS1 neurons. Nos1-expressing cells in the ARC are distinct from Pomc and Agrp neurons (Fig. 1b,c and Supplementary Fig. 3 ).
To determine the role of LepR-b NOS1 neurons in leptin action, we crossed Nos1 cre mice with Lepr flox mice 28 . Because Nos1 is expressed in gametes, germline Lepr flox excision generated a Lepr∆ allele and occurred in offspring having one Nos1 cre ; Lepr flox/+ parent. We therefore interbred Nos1 cre ; Lepr ∆/+ and Lepr flox/flox mice to generate Nos1 cre ; Lepr ∆/flox (Lepr Nos1KO ) mice in which LepRb was ablated specifically from the LepRb NOS1 neurons (Fig. 1a) , as well as Nos1 cre ; Lepr ∆/+ and Lepr ∆/flox littermates to use as the normal control groups. The persistence of Cre in the early embryos of some mice also led to the production of Nos1 cre ; Lepr ∆/∆ littermates that had inactivated LepRb in all tissues (Lepr KO mice).
An analysis of the hypothalami of control, Lepr Nos1KO and Lepr KO mice ( Supplementary Fig. 4a,b) showed an absence of pStat3 in the Lepr KO mice. We also confirmed the ablation of leptin-stimulated pStat3 immunoreactivity from the PMvs of Lepr Nos1KO mice, along with modestly lower pStat3 immunoreactivity in other areas (specifically, the ARC and DMH) that contained LepRb NOS1 neurons as compared to controls. Thus, functional LepRb was ablated from the LepRb NOS1 neurons of Lepr Nos1KO mice. Consistent with the lack of overlap in the immunoreactivity between Pomc and Nos1 neurons ( Fig. 1b and Supplementary Fig. 3 ), treatment with leptin stimulated pStat3 immunoreactivity of ARC Pomc neurons in similar amounts in control and Lepr Nos1KO mice (Supplementary Fig. 4c ).
Male Lepr Nos1KO and Lepr KO mice had similarly high body weight and food intake relative to controls (Fig. 2a,b) . The maximal oxygen consumption (VO 2 ) in male Lepr Nos1KO mice was lower than in controls but was not different from the Lepr KO mice; we observed similar trends for ambulatory activity (Fig. 2c,d and Supplementary Fig. 5 ). The excess weight in the male Lepr Nos1KO and Lepr KO mice was largely caused by higher adipose mass (Fig. 2e) , which was reflected by higher leptin concentrations, relative to controls (Fig. 2f) . We observed similar trends in female Lepr Nos1KO mice (Supplementary Fig. 6 ), although the obesity and metabolic dysfunction in these mice was less severe than in female Lepr KO mice. Thus, direct leptin action on LepRb NOS1 neurons is crucial for the regulation of feeding, activity and energy expenditure and, therefore, the control of body weight and adiposity. Nos1KO and Lepr KO mice at 4-12 weeks of age. (h) Serum insulin concentrations for 8-week-old mice. All data are means ± s.e.m. n ≥ 8 for all measurements. *P < 0.05 compared to control, **P < 0.01 compared to control, ***P < 0.001 compared to control, # P < 0.05. The P values were not significant for all other comparisons. Statistical significance was determined by analysis of variance (ANOVA).
To determine the potential role for leptin action through LepRb NOS1 neurons in glucose homeostasis, we examined circulating blood glucose and insulin concentrations in control, Lepr Nos1KO and Lepr KO mice (Fig. 2g,h) . As with body weight and adiposity, male Lepr Nos1KO and Lepr KO mice had similarly high blood glucose concentrations relative to controls starting at weaning, despite having high insulin concentrations relative to controls. Thus, leptin action through LepRb NOS1 neurons is indispensible for the normal regulation of glucose homeostasis in addition to its role in energy balance, and LepRb NOS1 neurons are crucial regulators of metabolic leptin action.
To investigate the contribution of LepRb NOS1 neurons to the control of endocrine systems by leptin, we examined circulating hormone concentrations and parameters of reproductive function in control, Lepr Nos1KO and Lepr KO mice (Fig. 3) . Although the circulating T4 concentrations in male Lepr Nos1KO mice were lower than in controls, they were higher than in male Lepr KO mice (Fig. 3a) . Furthermore, although circulating corticosterone concentrations were higher in male Lepr KO mice than in male Lepr Nos1KO and control mice, the circulating concentrations of corticosterone were not different between male Lepr Nos1KO and control mice (Fig. 3b) . The onset of vaginal estrus was delayed relative to controls in singly housed female Lepr Nos1KO mice (Fig. 3c) ; however, after mating with male C57BL/6 mice, all female Lepr Nos1KO mice delivered litters with similar timing as controls (control, 23 ± 1 d (mean ± s.e.m. for time from mating to delivery); Lepr Nos1KO , 24 ± 1 d) and with similar litter sizes (control, 6.9 ± 1.1 pups per litter (mean ± s.e.m.); Lepr Nos1KO , 7.1 ± 0.7 pups) (Fig. 3d) . In contrast, the majority of the female Lepr KO mice failed to deliver pups within 6 weeks of mating.
Thus, although deletion of LepRb from LepRb NOS1 neurons promoted obesity and metabolic dysfunction to an extent similar to that observed in mice with LepRb deleted throughout the body, the control of the thyroid and adrenal axes remained relatively intact, and female reproductive function was partially affected. Hence, our findings reveal that leptin action through LepRb NOS1 neurons contributes modestly to the control of endocrine function but is indispensible for the proper control of energy balance and glucose homeostasis.
Relatively few ARC LepRb neurons express Nos1, and the deletion of LepRb from LepRb NOS1 neurons was not sufficient to detectably alter the expression of Socs3 in the ARCs (a surrogate for ARC LepRb signaling 29 ) of control, Lepr Nos1KO and Lepr KO mice (Fig. 4a) . We examined the expression of key neuropeptides that regulate food intake in these mice. Although the expressions of Npy and Agrp were the same in Lepr Nos1KO mice as in controls, Pomc expression was lower in Lepr Nos1KO mice than in controls (Fig. 4b-d) , even though LepRb NOS1 neurons are distinct from Pomc neurons (Fig. 1b and  Supplementary Figs. 3 and 4c) . Thus, LepRb NOS1 neurons may indirectly mediate aspects of melanocortin action, which is consistent with recent findings revealing that leptin action through nonPomc neurons controls key aspects of Pomc neuron function and the regulation of energy balance 5, 30 . Given the severity of the metabolic defects shown by Lepr Nos1KO mice, LepRb NOS1 neurons may act by other mechanisms as well.
Thus, leptin action through LepRb NOS1 neurons is crucial for the control of energy balance and metabolism and for the regulation of Pomc expression in the ARC Pomc neurons. Although the frequency of Nos1 cre -mediated excision in gametes dictated that we study mice on the heterozygous Lepr ∆/flox background, Lepr ∆/flox mice express the wild-type receptor on all LepRb neurons and have no detectable phenotype; it is therefore unlikely that this genetic background contributed substantially to the notable phenotype of the Lepr Nos1KO mice. Whereas Nos1 expression identifies LepRb NOS1 neurons that are crucial for metabolic control, Nos1 signaling probably does not mediate downstream leptin action; although leptin regulates the phosphorylation and, presumably, the activity of Nos1 in hypothalamic regions containing LepRb NOS1 neurons 24 , nitric oxide is a retrograde transmitter 31 , and mice null for Nos1 show no obvious primary metabolic phenotype 32 . It is therefore probable that other transmitters in the LepRb NOS1 neurons have crucial roles in properly regulating energy balance and metabolism and will be the focus of future studies.
Recent data have suggested that LepRb neurons that produce γ-aminobutyric acid (GABAergic neurons, which also express vesicular GABA transporter (vGat)), representing many of the LepRb neurons in the ARC, DMH and lateral hypothalamic area (and approximately 60-75% of the total hypothalamic LepRb neurons) are crucial for the proper control of energy balance. Approximately 20-30% of ARC and DMH LepRb NOS1 neurons contain Gad1 (which produces GABA), and a similar fraction of ARC and DMH LepRb NOS1 Nos1KO and Lepr KO mice. The percentage of mice delivering pups by days after mating is plotted. n ≥ 8 for all measurements. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control, # P < 0.05. The P values for all other comparisons were not significant. Statistical significance was determined by ANOVA. Nos1KO and Lepr KO mice at 7-8 weeks of age that were fed ad libitum. n ≥ 14 for all measurements. All data are means ± s.e.m. *P < 0.05 compared to control, **P < 0.01 compared to control, ***P < 0.001 compared to control. The P values for all other comparisons were not significant. Statistical significance was determined by ANOVA.
neurons are activated by leptin (Supplementary Fig. 7) . By itself, direct leptin action on glutamatergic (vesicular glutamate transporter 2 (vGlut2) expressing) LepRb neurons, which comprise essentially all the LepRb neurons in the PMv and ventromedial hypothalamic nucleus, contributes only modestly to the control of energy balance by leptin 30 . Leptin activates the vast majority of PMv LepRb neurons (most of which are LepRb NOS1 neurons) 25, 33 , and a variety of data support a role for PMv LepRb NOS1 neurons (~70% of the total LepRb NOS1 neurons) in fertility, which is consistent with the delayed estrus observed in female Lepr Nos1KO mice 34 . Because the PMv is a sexually dimorphic nucleus that is rich in androgen receptor 35 , sex-specific differences in LepRb neurons in this nucleus could contribute to the sexual dimorphism observed in the Lepr Nos1KO phenotype. The apparently minor role of glutamatergic LepRb neurons in energy balance suggests that PMv LepRb NOS1 neurons alone do not mediate the majority of the metabolic phenotype shown by the Lepr Nos1KO mice, suggesting either that the modest number of LepRb NOS1 neurons elsewhere (for example, in the DMH and ARC) mediate this notable phenotype or that the PMv LepRb neurons reinforce the action of the DMH and ARC LepRb NOS1 neurons by supporting action on similar neural networks. It will be crucial to understand the detailed mechanisms of action for LepRb NOS1 neurons in the future, as this small group of cells controls energy balance and is thus a potential therapeutic target for obesity and related diseases.
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